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FOREWORD

This report was prepared by the Lockhced Missiles & Space Company,
Ihuntsville Rescarch & LEngincering Center, to document the accomplishments
of the second five week study period (ending 26 August) for the Preliminary
Design of a Lunar Gravity Simulator, Contract NAS8-20351. The study is
being conducted by the Systems Engineering Organization at HREC under the
direction of Mr. R. S. Paulnock, Manager, and Mr. R. B. Wysor, Project
Engineer., Other contributors to this report and the study efforts during this
second reporting period are Dr. Wolfgang Trautwein and Messrs Bob L. Myers,
Z. V. Adams, G. P. Gill, E. L. Saenger, G. D. Robinson, W. E. Jones,

D. J. Wilson and G. E. Malone. This report was published by the Technical
Publications Organization at HREC under the supervision of Mrs. Carolyn
Harrell. The study program is sponsored by the Advanced Systems Office _
of Marshall Space Flight Center under the technical direction of Mr, Herbert
Schaefer, Principle COR and Robert Belew, Alternate COR.,

Technical data in this report will be delivered to NASA/MSFC technical

personnel at an informal presentation scheduled for 12 September 1966.
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Section 1
INTRODUCTION

The Lunar Gravity Simulator (LGS) is a system planned for the
evaluation of full scale Lunar Surface Vehicles (LSV) over simulated Lunar
terrain-in an Earth's gravity environment. The purpose of such a system
will be to:

e Substantiate the LSV mobility system performance parameters
under simulated loading conditions as may occur from the 1/6 g

environment and the anticipated obstacle, slope and velocity
combination,

e Establish the confidence level of the ability to design the mobility
systems for various LSV configurations.

© Determine the effect of the vehicle dynamic behavior on the vehicle
operator and the man-machine relationship in a 1/6 g environment.

© Train astronauts in handling L.SV's in a 1/6 g environment.

With these objectives in mind, LMSC has been conducting a Prelimi-
nary Design Study of a Lunar Gravity Simulator System under contract to
the Marshall Space Flight Center. The concept under study is illustrated
in Figure l.1. This study effort will encompass a 15 week period which will
be subdivided into three five-week intervals. This report describes the tasks
and accomplishments of the second five-week period ending 26 August 1966,

and the tasks and approaches planned for subsequent study efforts.

Figure 1.2 depicts the overall LGS study program plan (Task, Schedule
and Manloading). The first ten-week period is devoted to a study of the two-
dimensional LGS and the results of the first portion of this study were
described in the First Interim Report (Reference 1). The completion of the
two-dimensional study is described in this document. Efforts during this

reporting period were devoted to the following tasks:
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Task ' Study Efforts
1.2 Refine 2-D math model of 2-D LGS/LSV to

include wheel dynamic input, derive a math
modecl for the trolley drive system.

1.3 Continued analysis and selection of suspension
device and drive system concepts

1.4 Conduct dynamic analysis of 2-D LGS to deter -
mine LGS/LSV interaction and Lunar g error.

1.5 Conduct tradeoff study of rail height versus
pertinent LGS system parameters.

Conduct cost analysis of 2-D LGS system.

—
< O

Continue design, layout and component
specification analysis of 2-D system.

The following sections discuss the accomplishments on these tasks

and the work planned on subsequent tasks for the remainder of the program.

1-2
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3-D "Y" Drive

2-D "X" Track
and Frame Assy. (REF)

3-D "Y" Track
and Frame Assy.

Suspension
Platform

3-D "Yaw!" Drive

Figure 1.1 - Lunar Gra\}ity Simulator System Configuration
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Scciion 2

ANALYSES AND SELECTION OF SUSPENSION DEVICE AND DRIVE
SYSTEM CONCEPTS

2,1  SUSPIENSION I'ORCIZ CONTROL SYSTEM

During this reporting period, the electrohydraulic force control system
as described in the previous report (Figures 9 and 10 of Reference 1) has been
further refined to reduce suspension force deviations from the nominal values
of 5/6 times the earth weight of the suspended parts., A new set of coefficients
was calculated that accounted for all changes in the system parameters made

after the first approach,

Precise control of the LSSM wheel cable forces was found to be the most
critical task. The uncompensated control system had a very poor damping of
7% of critical damping, Therefore, tandem-type compensating networks were
designed via the root-locus method in an effort to increase damping in all

force control loops to about 70% of critical damping.

The analysis was based on the configuration given in Figure 2.1 (from

Figure 10 of Reference 1) and redrawn in lumped form in Figure 2,2, Vertical

Disturbance Z =——| G

f f
REFERENCE - S (
~,®__ kG (S) - k- G,(S) 1 {
+ i +
| Ampl, & Suspension Force
Compensating Control System
Network

Figure 2,2 - Derivation of the Open-Loop Transfer Function from the Block
Diagram

2-1
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displacements 7 in this formulation are considered as external disturbances.

The open-loop transfer function is

.

£(S) =-Gl(S)[}<k G (S)f (S) + GZ(S) (S)]

where
Kc
@) - As*+as® i asitas A
1 2 3 4 5
G,(S) = o— (A.S°+ A B
2‘)“’132(1 25 ¥ B3S + B)
kL = kkl kT R
and the optimum compensating filter
2 2 2
cd ST+ 2a8 + a®“ + b
(S) =

22 . 2 S+ 5 9

The coefficients

A = IPo 1b sec
1 T 2 ft2
owv
1:)o 201 + B ) rlo scc3-]
A, = = o 2
2 I.‘ (‘0 CL)v L It& J

, 2 :
. ZBC KCR \, , kZTd [-lb :;c:cz
-+ T —
2 / 27 L i

B P I+ nA k, Td frlb seczﬁ
’1‘
u, / 27'1‘77 L ﬂ:2
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A = P__ B + ZZ’-KCR + 1(.Zd b scc—l
4 To (Dv 27 ftz _l
5 - BP, Jrkzd b scc
4 To 27n ftz

5
"

5 c FO " K 1 T)- (3 c\_ ftz

are defined in Reference 1, pages 24 and 25, where the parameters are:

—
P B
1}

e
<
1

w
1l

A
o
"

R L
o 4 ®
1]

w N

il

N

the moment of inertia of motor and winch and cable
the nominal hydraulic pressure

the nominal hydraulic motor torque

the nominal cable force

valve natural frequency

the valve damping constant

the viscous damping in the motor

EAC/LC the cable spring constant, where E is Young's modulus,
AC is the cross sectional area of cable, and LC is the cable length
the effective winch radius

the valve droop time constant

the volumetric displacement of motor per revolution

the volumetric efficiency of motor

the force transducer constant

valve constant

the valve static droop constant

PO/FO tlk k

T,is the adjustable loop gain

The selected system components and their parameters are listed in

Table 2.1 with the optimum filter coefficients found for the {our typical lorce

control systems, The loop gains and filter data are given for [ive dillerent

rail heights,
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Each filter can be mechanized by a circuit with four operational ampli~
ficrs and a module of passive RC components that can be mounted in racks
of the control console. While the same amplifiers may be used for all LSV's,

exchangeable RC modules of the plug-in type may be used to adapt the filter

data to the specific vehicle to be tested.

Results of analog simulations arce given in Scction 4,2,  The poorly damped

mode of the uncompensated system is completely eliminated by the compensation,
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2,2 TROLLEY DRIVE SYSTEM WITH DISPLACEMENT SENSOR

Two basic methods have been proposed in the previous report to maintain

a constant rclative position between the LSV and the trolley supporting the

suspension cables:

1. Dctect horizontal displacemcent between a point on the
trolley and the c,g. of the LSV and compensate accordingly
(Displacement Sensing),

2, Detect variations of the cables from the vertical and drive
the trolley to compensate (Cable Angle Sensing).
During this reporting period, the dynamic equations for both control concepts

have been derived and analyzed. The analysis was based on the configuration

shown schematically in Figure 2,3,

A comparison of several drive motor types revealed that best performance
in terms of high torques and low inertias, together with minimum weight, is
obtained with a hydraulic drive, A rotary-type hydraulic motor may be directly

coupled to a drive wheel or capstan if a cable is used to ensure zero slippage.

The equations for the displacement sensing concept were derived under

the following simplifying assumptions,

° Changes of the cable forces (due to imperfections in the
constant force control systems) have negligible effects
on the trolley dynamics,

° The transversal cable dynamics are dominated by the
first oscillatory mode,

© After an initial disturbance such as a sudden acceleration
X (0) or velocity change AX(0) of the LSV, both cables
suspending the main LSV chassis oscillate with identical
phase and amplitude,

° The periodic components of the cables suspending the

wheels have negligible effect on the trolley dynamics,
This assumption is justified because of the small

2-9
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amount of the wheel-cable force compared with the total
chassis cable forces (about 1:20) and due to the fact that
in the general case, not all four or six wheel cables will
oscillate in phase. Hence, some of the periodic horizon-
tal force components will at least partially cancel,

° The time-delay between a sudden horizontal displacement
X - § at the lower end of the cable and the resulting change
in the upper mean cable angle @ (due to the finite transversal
wave propagation velocity) may be represcented by a first-
order lag term

a(s)="113T'&‘sl_ﬁ(X'€)

Initial investigations of control systems for the drive system indicated
that displacement sensing only would not be adequate for the accuracy .require-
ments, Rate sensing, or (}.( - é), was found necessary., This did not
present a particular problem in either of the sensing techniques considered,
The optical method required differentiating the voltage output. The angle
sensing potentiometer method would require the addition of a tachometer

for the rate signal,

The transfer functions resulting from these assumptions and corresponding
signal flow diagrams are shown in Figure 2.4 for the Displacement Sensing

Concept. The dynamic equations are listed in Section 4.3.

For a first approximate evaluation of the control loop performance,
the valve spool natural frequency (W, ~ 600 sec-l) and the frequency of
the first transverse mode of the cable (wT = 70 sec-l) were considered much
larger than the control frequencies to be expected, Neglecting these high
frequency modes, the following closed-loop transfer function is obtained

for the displacement sensing configuration:

2
(S) ESS + E4S + E3

:qu) - . > (2.1)
E,S” + ES° + E 5 + E,
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Revision A

whcre1
kP T
_ 270 a I 2 2
Eo = To <RM + R—) [ft sec ]
k. P % 2
B, = 20 <RM N '1II> +qTy + k k| T, [ft sec]
O

"

sk sl S 2
E, = k) (kg + k T,) + q [ft]

For a stability analysis, the complete transfer function with the high-frequency

modes included was derived. The characteristic equation is

6 5 4 3 2
a4 = GOS +Gls +GZS +G3S +G4S +GSS+G6 (2.2)
where
G, = o
0 - 2@2
wT v
T
- 9 “
Gl = 2a+ 2b
wv o“)T
9 TC‘
GZ = 2c+———2~d+ab
W w
Y% T

1See Table 2.3 for definition of terms.
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= 4 1 "«
G3_@2+ > + ab + bc
v wT
G4=k1\1a+b+cd
b I
G5=kklc+d
% sk k;poRFo
G, = k k, +
6 1 LT
o)
1 1
a = — {24 T, + ——
a
L tgm )
T K p
- %29, 2 o I
° " wz [wv+ To <RM+R>]
T
24
T
c = T, + ——
a
O
P (B
_ e ok 2 o M

2.2.1 Selection of Components

Drive Motors - The power and speed requirements for the trolley in

the most severe cases (Vmax for MOLAB, 2g horizontal decelerations)
dictated the choice of hydraulic drive motors, Data for possible motor
candidates are given in Table 2.2, The optimization and analog simulation

were based on these motor and transmission data,
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Table 2.2

PRELIMINARY DRIVE MOTOR DATA FOR TROLLEY
DRIVE SYSTEM

Type of Motor:; Vickers MF-3924-30
No. of Motors Required for X-Drive: 2

Torque at 3000 psi: 476 1b={t (total)

Gear Ratio Motor to Drive Shaft: 2.78:1

Drive Wheel Radius: R = 0.26 ft

Moment of Inertia (motors & gears): 0.129 slug ftz

Servo Valves - Electro-Hydraulic Servo Valves of the Pressure-Flow

Control type were found to best meet the requirements,

According to manufacturer's data (Moog Bulletin No, 103), typical
data for the natural valve frequency and the sensitivity to load pressure for

this type of valves are

8 _ft>
lb-sec

¢

k2 typical 8.2 x 10

w . = 630 sec” !
v typical

¢
As a wide variation in k

2 is said to be possible, a value

2 typical

was assumed for the control system synthesis,
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2.2,2 Transverse Cable Dynamics

The first transversal mode of

a cable with tension F and a distri-

buted mass of U slugs/ft may be
described by the equation

4
0

7

%1:'7’;+Br'7+ =0

with a natural frequency

12F
O = —

L
T L M

LSV Attachment
Point —\g..@

Figure 2.5 - Notation

The time constant accounting for the time-delay between a displacement
(X - §) of the lower attachment
point and a change in the upper

cable angle « is

il ﬁ/
Q
T L

PN e

| L Cable a =~ Cp

o e =
//// T where CT = -E- is the transversal

/// / l wave propagation velocity,

x-§
Figure 2.6 - Transverse Wave at LSV
Attachment
2-16




In Table 2.3, all the fixed trolley drive system pérameters are listed.

LMSC/HREC A783245

(Motor data are reduced to the drive wheel station.) It is assumed that the

LSV chassis is suspended by two cables,

2.2.3 Optimal Gain Adjustment

0 " . ) ]
The gain factors, k and ko, for the position and rate feedback were

selected in order to minimize the ITAE~-performance criterion (integral of

time multiplied by absolute value of error)

00
I = f|x -G' t dt — Min
0
after a step-type displacement, X{0) - &(0), with the additional specification

L]
that the error X - £ during constant velocity inputs X be also a minimum,
The standard forms of optimum transfer functions as developed by Graham

and Lathrop (Reference 2 ) were used to determine optimum gains, For both

the LLSSM and MOLAB as test articles, these gains were found to be

I

kkl

k* k*
071

For the displacement sensing concept, these values are virtually independent

of rail height,

1.35 ft2 sec

0.0046 £t

2-17
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2.3 TROLLEY DRIVE SYSTEM WITH ANGLE SENSOR

Sensing the angular deviations of the suspension cables from the vertical
is the most straightforward and least expensive approach from the implemen-

tation point of view.

Onc potentiometer in the 2D configuration or a pair of perpendicular
potentiometers in the 3D configuration would be sufficient to sense cable
misalignments as sketched in Figure 2.7. Tachometers mounted on the Pot-
shafts could provide the rate signals required. Angular resolution of the
pots can be considerably increased by lowering the pot mount by a distance

Lp below the puiley.

For a meaningful dynamic analysis of a trolley drive system with such
a sensing device the cable motions close to the upper pulley have to be studied

carefully.

A more complete representation of the transverse cable dynamics is
therefore made while the equations describing valve, motor and trolley dynam-

ics are the same as in the preceeding section.
2,3.1 Transverse Cable Dynamics
Two casces are considered:

o Upward Wave Propagation. - This occurs when there are LSV

accelerations X # 0. The angular cable motion can then bc
approximately described as in Section 2.2. The time-dclay
due to the finite wave velocity CT is precisely accounted for

here by the equation

e o
a (S) = > (2.4)
* L s + 2541

T -~
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Revision A

where T, = L 1 12F

w = - —_—
a C » T i3 I , and ax denotes the cable

T
angle due to LSV motion.

The upper cable angle a is affected by another type of transient
dynamics, however, which can be ncglected in the displacement

sensing concept but should be considered here.

Downward Wave Propagation - Transversal waves of this typc
arc generated whenever the {rolley is accelerated (¢ 4 0). Their

effect on @ can be expressed as

=q_ +
aaxa

§

where af is the contribution due to trolley motions. For a

trolley dccelerated at time t_ we obtain for the time inverval
to<t<t + T ©

Assuming E% constant during Ta seconds, Equation (2.6)
reduces to

During the time interval Equation (2.7) is valid, @, can rise
to values between 0.12° for 50 ft rail height to 0.4%°for 170
ft rail height.

In order to clarify the effects of the cable dynamics on the
overall trolley drive system response, a typical test case
shall be considered in subsequent intervals.

2-21
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L.SV Step Disturbance 3('(0)

O<t<Ta:

During this first time interval Equation (2.4) applies. Due to the time
delay Ta, @ is zero as shown in Figure ¢.8a. At time Ty (Figure 2.8b) there
is a sudden feedback signal duc to @ >0 and @ > 0 which results in a trolley
acceleration é‘> 0 and a downward type transverse cable wave. The upper

cable angle at time Ty is

@(Tq) = @y = X_Li

and after T, reduces according to Equations (2.5) and (2.6) to

a(Ty +At) = a, - (a

i

The a and @ feedback signals reduce the trolley acceleration between the

time T, and 2T,. After ZTa the cable motion may be approximated by a
decaying @-oscillation of the transverse mode. This indicates that the down-
ward type of transverse cable waves have a very unfavorable effect on the
servosystem as they help in exciting the transverse mode of cable oscillations
and further increase the effective time-delay in addition to the delay of Ty

caused by the upward type of wave.

For an approximate evaluation of the overall system, however, the
downward wave dynamics may be neglected. This results in the Signal-Flow

Chart of Figure 2.9,
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2.3,2 Comparison: Angle Sensing vs Displacement Sensing Concept

Comparing the flow charts of the two concepts (Figures 2.4 and 2.9)
reveals that virtually all feedback signals arc delayed by at least Ty scconds
in the angle sensing concept and contaminated by a certain amount of noisc
due to transverse cable oscillations. The time delay can be as high as 0.18

scconds for 170 ft rail height.

Considering the additional deterioration of performance due to the down-
ward type cable waves discussed earlier the cable sensing concept was excluded
from a further dynamic analysis. The cost advantage over the displacement
sensing configuration was not considered large enough to justify the appreciable

deterioration in performance predicted.

2.3.3 Optical Displacement Sensor

Optical determination of the position of the trolley relative to the LSV
has been examined. Electro-Mechanical Research, Inc. and Perkin Elmer
Ccrp. were consulted. The following is a summary of the investigation of

optical tracking for the two-dimensional LGS:

A multiplier phototube type star tracking instrument mounted on the
trolley will be used to track a hemispherical diffuse light source mounted
along the LSV pitch axis. The tracker and associated trolley drive system
will be designed to maintain the trolley mounted instrument directly above
(within 2/30 fore or aft from the vertical) the LSV mounted light source.

The instrument will have a field of view of approximately 4° to allow for:

a. initial acquisition of L.SV light source
b. larger than expected transient displacements

c. lateral displacement due to roll motion.




LMSC/HREC A783245

The star tracker will be able to respond to a LSV frequency as great
as 10 hertz. It will provide measurements of ratec of relative displacement
as wcll as relative displacement between the LSV and trolley. Automatic
gain control is required to provide a constant gain which is independent of

vertical scparation between light source and light sensor.

Figurc 2.10 illustrates a typical multiplicr phototube which can be
employed as a tracking instrument. The cathode of the tube has been physically
cut into four quadrants to provide null information along two axes. For
two-dimensional simulation, a cathode which has been halfed instead of
quartered will provide sufficient tracking information along the one axis
of translational motion. The output of the tracking instrument will be of

the following form:

>

Volts

.
o

Trolley Displacement

Null
Position

This displacement voltage can be differentiated to provide rate of displace-

ment information.
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If the LSV is allowed to roll about its wheels, the LSV mounted light

sourcc will be displaced laterally out of the star tracker field of view. There-
forc, the LSV must be restricted to roll only about its c.g. This can be accom-

plished by proper design of the two-dimensional terrain such that the lateral

LSV c.g. displacement is limited to the field of view of the tracker unit.

2-28
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Section 3

VARIATION OF STATIC ERRORS
WITH CABLE LENGTH AND LSV PITCH ANGLES

If the points of attachment between the LSV support cables and trolley
are [ixed and the distance between these points and the LSV is lcss than
approximately 30 to 50 feet, static longitudinal force errors become signifi-
cant when the LSV goes through pitch and roll modes. In this study both four
wheel and tractor-trailer LSV /trolley configurations are examined in order
to quantitatively determine force errors for different cable lengths and

various pitch angles.

3.1 NON-VERTICAL WHEEL SUPPORT CABLES FOR FOUR-WHEEL
VEHICLE

In order to minimize force errors due to pitch, the chassis of four-wheel

vehicles (example: Bendix MOLAB) should be supported by a single cable at the

vehicle c.g. or by two cables along the pitch axis equidistant from the c.g. (see
Figure 3.1). If relative trolley movement with respect to the LSV c.g. is
minimized, the chassis support cable(s) will remain vertical independently of
the LSV pitch angle. Therefore, zero static force error will be exerted on
the LSV through the main chassis support cable(s). However, errors will

arise due to the non-vertical wheel support cables.

If the main chassis support cable(s) are maintained vertical, fixed
trolley attachment points ensure non-vertical wheel support cables (sec
Figure 3.1) as the LSV goes through pitch movements. Parametric curves
for several pitch angles comparing longitudinal error to cable length
(distance from trolley attachment point to LSV attachment point) are pro-

vided in Figure 3.2. Vertical errors, (1.0 -cosn) x wheel weight/vehicle
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weight, are insignificant in comparison with the vehicle longitudinal
crrors. Analysis of these curves indicates cable length should not be less

than 30 to 50 fcet for acceptable error.
3.2 ROLL ANGLE VARIATIONS

frror present because of non-vertical chassis support cables in the
roll mode (assuming 2 cables used) is depicted in Figure 3.2. Since the two
support cables are attached along the pitch axis equidistant from the LSV c.g.
and trolley motion relative to the LSV c.g. is minimized, the horizontal static
force errors in the chassis support cables due to roll motion are of opposite
signs and the net error is negligible. A worst-case of 35° roll angle and 40
foot cable length was calculated to be approximately .001 g (Earth) net longi-
tudinal error. The wheel support cable longitudinal error in the roll mode
is even less significant since the nominal forces in these cables

are much less than in the main chassis support cables.

If the LSV rolls with its pivot point at the wheels instead of at its c.g.,
the angular displacement of the cables becomes large and the corresponding
lateral force error becomes intolerable in the two dimensional LGS. All
roll motions should therefore be made with the LSV pivoting about its c.g.

This can be accomplished by proper design of the terrain along the LSV path.

3.3 METHOD OF ANALYSIS - FOUR WHEEL VEHICLE WITH PITCH
ANGLE VARIATIONS

The vehicle static longitudinalerror due tothe wheel suspensionsystem, E;g
is found by summing the static cable force errors parallel to the terrain, Fgy
and FSZ*’ and dividing by the total LSV weight. The nomenclature for this
analysis is defined in Table 3.1.

o ) 2Fg) + 217‘5.2
10 total LSV weight

%*The Bendix MOLAB, a four-wheel vehicle, was used in this example. If
a six-wheel vehicle were used, ¥33 would be present also.

3-4




LMSC/HREC A783245.

Table 3.1
FOUR WHEEL VEHICLE ANALYSIS
Nomenclature
L, ft (m) length of cable from trolley to LSV
0, deg pitch angle
Rll: all, ft(m)’ deg o,
) } coordinates of wheels referenced to LSV c.g."‘

My M2 deg wheel support cable angles referenced to the

vertical (pitch mode)

Fl lw' Flzw lb (newton) nominal tension in wheel support cables
FZl’ FZZ 1b (newton) static vertical error in cable tension
F31, F32 1b.{newton) nominal cable force directed parallel to the

terrain (i.e., in direction of )

Fuayr Fuo 1b (newton) actual cable force directed parallel to the terrain

F
E
&
¢

51 FS, 1b (newton) static error in cable force parallel to the terrain

10 earth g's net static error in cable force parallel to the terrain
divided by LSV weight

1’ 4'12 deg wheel support cable angles referenced to the
vertical (roll mode)

roll angle

>“Second subscript refers to front (1) or rear (2) of LSV
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The individual static ecrrors in cable forces parallel to the terrain,
F51 and Fgy, are the differences between the nominal cable forces directed

parallel to the terrain, F5, and Fg,, and the actual cable forces directed

parallel to the terrain, F41 and F42.

F = F

51 - F

31 - a0 Fgp = Fap - Fyp

where 1“31, FBZ’ F4l and 17‘42 arc functions of LSV pitch, 8, cable angles
nll and 7712, and nominal cable tensions, Fll and F

w 124
F = F,, sinf , F = F,, sinf
31 llw 32 lZw
Fyy = Fyy sin6-m,) Fyo = Fpp sinl@-7;)
W W
F., and F,, are simply the wheel masses multiplied by the fraction
11, 12,

of the vehicles weight supported by the LGS, i.e.,

F = front wheel mass x 5/6 g
11,

¥ = rear wheel mass x 5/6 g
12,

The cable angles, 7711 and 7712, are geometric functions of LSV pitch,

g, cable length L, and cable attachment point coordinates, R’ll’ RlZ’ all’
and Q. .,

12
. — arctan -cosqyq * cosdy, cos@ + Sinall sin@
11 L/R11 + sina, cosQ - cosa, sinf
. - retan cosa, 5 - cosC(12 cosf + sinalz sinf
12 L/R12 + sina;, cosg + cosa, siné

3.4 NON-VERTICAL CHASSIS SUPPORT CABLES FOR TRACTOR-
TRAILER VEHICLE

Since the tractor and trailer chassis of vehicles such as the Boeing

MOLAB are supported by separate cables, it is impossible to pick a single

3-6




LMSC/HREC A783245

relative position between the trolley and LSV which will maintain all chassis
support cables vertical through all LSV pitch angles. On first try it was
assumed that the relative position between the trolley and tractor-trailer
pivot point would be fixed. The parallel errors were analyzed and found

to be intolerable,

A trade-off study was made to determine the best point on the LSV
to hold fixed rclative to the trolley. This point was found to be located near
the composite c.g. of the LSV (Figure 3.3). If the movement of this point
relative to the trolley is minimized, the tractor and trailer support cable
errors due to LSV pitch subtract from each other such that the net error is
relatively small. Figure 3.4 depicts parametric curves with tractor-trailer

pivot neglected. Again the minimum cable length can be chosen for accept-

able longitudinal errors.

Further study is proposed for deeper analysis of tractor-trailer LSV/
trolley configurations. The errors due to wheel support cable angles, | |
although less significant than chassis support cable errors, should be analyzed.‘
Roll errors should also be considered, and errors involved with pivoting

between trailer and tractor should be examined.

3.5 METHOD OF ANALYSIS - TRACTOR-TRAILER VEHICLE
WITH PITCH ANGLE VARIATIONS

Assume that two cables under equal tension support the tractor along
its pitch axis and two more equal tension cables support the trailer” along
its pitch axis. Under this assumption equations derived for the four-wheel -
LSV wheel suspension system can be easily converted to determine the static
longitudinal error for the tractor-trailer chassis suspension system. The
second subscript now refers to the tractor (1) or the trailer (2) rather than

to front wheels (1) or rear wheels (2). The following additions and

*Actually only one cable is planned to support the trailer chassis but this
assumption will not effect the results of this analysis,

3-7
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modifications are made to the original equations:

A

Vehicle static longitudinal errors, E23, Ez2, can be foundindividually

for the tractor or trailer chassis support.

E

n

(2 F., +total LSV weight)

21 51

(2 F_, + total LSV weight)

I

E,2 52

The static compression or tension, F()O’ in the joint between the

tractor and trailer is found by:

o Taking the smaller of FSl and FSZ if their signs are different.

o Taking the difference of F51 and FSZ if their signs are the same.

Nominal tensions in chassis support cables, F and F , replace
llc 12C

F and Fl where

llw 2@
r - Iractor mass 5/6 g
11 2
C
F - trailer mass _ 5/6 g
12C 2

Cable angles, 7721 and 7722, replace '711 and 7712 where:

. _ . -cosa,; + cosa,, cosb - sina21 sing@
21 T arctan L/R21 - sind@, cosf - cosld,, sinf
. - retan 3 cosa’22 - cosazz cosf -~ sinazz sind 2
22 L/Rz‘2 - sin@,, cosf + cosa,, siné

The nomenclature for the above terms are defined in Table 3.2 and the

configuration is illustrated in Figure 3.3.
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Table 3.2
TRACTOR-TRAILER VEIICLE ANALYSIS

Nomenclature

6, FZl’ FZZ’ F31, F32, F41, same as for Bfendix Configuration except:
second subscript refers to tractor (1) or
F42, FSl’ FSZ’ ElO’ trailer (2) of LSV
RZl’ aZl ft (m), deg coordinates of main tractor and trailer
R o ft (m), deg cable supports with respect to mounting
22’ 722 ! © point of optical reference
Moy, 7 deg main support cable angles referenced
21’ 22 .
to the vertical
F , F 1b (newton) nominal tension in chassis support cables
llc IZC
F()O 1b (newton) static compression or tension between
tractor and trailer
EZl’ EZZ earth g's static error in cable force parallel to

the terrain divided by LSV weight

3-11
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wection 4

DYNAMIC ANALYSIS OF THE 2-D LUNAR GRAVITY SIMULATOR
4.1 OLSTACLE SIMULATION

Wheel input disturbances occurring from the LSV transversing a simu- |
lated lunar terrain produce the major dynamic problems for the 1/6g simulation.
Thus, a realistic appraisal of these disturbances has been an important part
of the dynamic analysis of the 2-D LGS system. Previous recommendations
for obstacle simulations were described in the First Interim Report (Reference
1), and this simulation method was investigated further during this reporting
period. The two phases involved in this simulation are illustrated in Figure

4.1 (repeated from Reference l). These phases are:

Phase 1 (0 <t < tl) - A force input from touching the obstacle

at t=0 until the outer wheel springs or the time bottoms on the
inner wheel frame.

Phase 2 (t >tl) - Sinusoidal wheel hub displacement after bottoming
of tire.

From further study of this simulation it was found that this method
resulted in a complex input for the analog simulation and would have com-
promised the amount of data which could be developed in the time alloted.
Further, it was felt that this simulation represented a worst case situation
(sharp edge obstacle) and may not be representative of the normal obstacles
anticipated (round or oval shaped objects). Accordingly a more simplified

obstacle simulation was derived to be used in the analog simulation,

The simplified obstacle simulation considered a constant vertical
velocity input to the bottom of the tire at the ground line. Displacement of

the ground line point would proceed until a given obstacle height (H) is

4-1
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reached, or until the wheel breaks ground due to the forces produced in this
time interval. The time interval was determined from the vehicle forward
velocity (X), the wheel radius, and the obstacle height. Thus, from Figure

4.1, the obstacle time interval may be

. i Rc:osao
ob X
where:
a, = obstacle/wheel contact angle at t= O.
= sin_1 st "
- R

Additionally, the simplified obstacle may be extended at a constant
height for a time interval Lob/x and then return to the original ground line
height at a rate corresponding to the rise rate (-H/tob). Typical groundline
displacement-time characteristics for the simplified obstacle simulation are
illustrated in Figure 4.2. The obstacle shown is for the LSSM at maximum
velocity (9.0 km/hr) and a 1.0 ft obstacle., Also, a comparison of resulting
wheel hub displacement and velocity characteristics is illustrated for the
LSSM. Note that the peak wheel hub velocity and displacement for the rolling
obstacle is slightly over twice that for the simplified obstacle. The simplified
bbstacle was corsidered to more nearly approximate the average obstacle

condition and was used in the analog simulations described in the following

sections.
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4.2 SUSPENSION DEVICE FORCE CONTROL SYSTEM SIMULATION

4.2,1 Analog Simulation

The analog computer mathematical model for the LGS/LSV system
were two-dimensional planar models for the roll and pitch directions. Typical
modcl diagrams arc shown in Figure 4,3 and 4.4, Notc the provisions for a
two-stuge spring constant in each wheel and the viscous damped suspensions
take into consideration a free flight ballistic trajectory if the wheels leave

the ground. Also, note the sign conventions for the dimensions Z, qS and 6.

From Figure 4.3 the differential equations representing the vertical
displacement time histories for each mass and the effects of roll and cable

dynamics can be derived giving results as follows.

.0 Dé . * Ké (Kl +K11)
Z, = 1\71‘1(28‘21”M1 (Zg - Z4) - M; (Z} - Zg1) -8y,
+F018 ;
I\/I1 18
where
Constraint: lZS - le <Ss
S <(Z) - Zyy) <0 Kj=>0 K;;=0
(Zl-ZOI)g_-S1 Kl=\>0~ K11=>0
(Z) - Zgy) >0 K, =0 K, =0
D K K. + K
5o _ 3 8 ' 3 - (2 22 - -
Z, = I\'/L—Z(Z9‘Zz)+M2 (29 - Z,) ( M, >(Zz Zoo) - 8L,
+FO19 f
M2 19
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where
P . - <
Constraint: IZC) ZZI =S
-SZ<(ZZ-ZOZ)<0 K2=>O K22=0
(Z, - Zo,) S-S, K, => 0 K,, = >0
(Z, = Zy,) >0 K, = 0 K,, = 0
.. Dy . Ky Dy . . Ky |
25 = ~wr, (g - Z0) -y (B - Tt Byt %)t (Bg m B2) e
+F015 ) +F017 ;
M, 15T M 17
where:
Constraints: IZ9 - Z2| =s
12g - 21|< 8
$ Yl . » YZ i . L] )
= 'I—}; K6(28-Z1)+D6(28-Zl) -'i;c- K3(Z9—ZZ)+D3(Z9-ZZ)
Fois Fo17 73
1 fi5-3 f17
X X
Zg = Zg-V1 ¢
Zg = Zg -V, ¢
Zg = Zgty,® Zyg = Zgtyyd
Zg = Zgty,9 Zy7 = Zg-y39
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5/6 M

Foig = 1 8
Foig = 5/6 M, g
Fors = 5/12 My g
For7 = 5/12 Mg gy
K AS +A S+ BS+B
18 ] 2 3 4
Fo1s8 |a,s*+A 8% +A.S°+AS5+a %1
° 1 2 3 4 5
K AS +AS%+B.S+B )
19 1 2 35+ By '
T F 3 3 5 Z,
019 | 4;5%+ A8 +As tAS+A |
c.s®+c.s®+D.5+D ]

K 1 2 3 4 .
_F15 cs4+cs3+c SZ+CS+C 15
ol5 1 2 3 4 5 |

K c.s®+c.s®+D.s+D
17 1 2 3 4 5
°F 4 3 17
017 |5+ Cy8” + ¢35+ C S +

E . AC19

C18
E A

Cl9

Lecig

E - Acys

Lecis

E <A

Cl7

Lcis

E = 17.3 x 10% 1b/2t?
Ac= Cable cross sectional arca
L

c= Cable length
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From Figure 4.4 the differential equation representing the vertical
displacement time histories for each mass and the effects of pitch and cable

dynamics can be derived giving results as follows:

. D, : K, (K, +Ky5)
Zy = M_3(Z10'Z3)+V3' (Z1o - Z3) - M, (Z3 - Zy3) - gy,
+F013 ;
M 13
3
where:
Constraint: ]ZIO-Z3ISS
sz<(Z3-ZO3)<0 K2=>0 K22=0
(Zy - Z43) < S, K, =>0 by =3 0
(Zy = Zyy) >0 K, = 0 K,, = 0
D K (K, +K,,) F
T ST 5 4 T Kyy old
Zy = M, (27'24)+M4 (Z4-24) - M, (Zy-2Zog) -8t £
where:
Constraint: kZ7-Z4|58
S,<(Z, - 24,)<0 K,=>0 K, =0
- < = = >
(2, - Z04) =5, Ky=>0 K, =20
(Zy = Zgy) >0 K, =0 K,, = 0
Dg ., . Ky Dy . « K;
Zo = ~Fp Ly Zy)) -y (Zq -2y -3 (297 23) - 3g, (210 - 43)
6 6 6 6
Folé

where: lZ.l - Z4] <S
1219-231sS
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LoX . X, . .
6= — [D3 (Zyg - 23) + K, (210-23)] -5 [Ds (Z, - Z,)+ XK, (z7-z4]
y Y
Z7 = z6+X29
Loy = Lyt X, 0
Z)o= Zg+ X, 6
ZlO= 26+X10
Foi3 = 5/6 M3 gp
Folg = 5/6M4gE
Fole = 5/6 Mg gp
K ASS+A.S*+B.S+B
) T 1 2 3 4 2
13 F Z 3 73 3
013 | A% +4,5” +A,5° + A5+ A,
K. | as®+as®+B.s+B )
. - 14 1 2 3 4 5
14 - T F 4 3 2 4
ol4 |A)ST 44,87 v AT+ A ST Ay
K., | c.s®+cs®+D.s+D ]
f - 16 1 2 3 4 5
16 ~ T F 4 3 2 6
016 |C8”+C,S” +C 8% + G5 + Gy |
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o ¥
13 Lcis
L ErAcy
14 Tora
L _EAcy
16 T 1,

The previous equations for the LGS/LSV mathematical model have
been programmed on the Lockheed/HREC analog computers. Reduced data

are discussed in the following paragraphs of this report.
4.2.2 Force Control System Analog Simulation Results

Evaluation of the wheel and chassis force control system for the 2-D
LGS was accomplished by perturbing simulated LSSM and MOLAB LSV's
with a range of obstacle heights at the maximum horizontal ’velocity for the
respective vehicle. Also, the force control system was evaluated with the
LSSM vehicle for suspension cable length ranging from 30 ft to 170 ft and a
1.0 ft obstacle height. The majority of the data for the LSSM and MOLAB
vehicles was obtained with a constant cable length of 50 ft and obstacle heights
ranging from 0.5 ft to 1.5 ft for the LSSM. MOLAB obstacle heights ranged
from 1.0 ft to 3.0 ft. Vehicle velocities were 8.2 ft/sec (9.0 km/hr) for the
L.SSM and 18.25 ft/sec (20 km/hr) for the MOLAB. Both roll and pitch con-
figurations were considered for both vehicles. In all cases in the analog

simulations the Bendix vehicle configurations were used for both LSSM and
MOLAB vehicles.

o Typical Data

Typical analog output data is shown in Figures 4.5 through 4.20. LSSM
roll and pitch data is presented in Figures 4.5 through 4.12. MOLAB roll and

pitch data.is presented in Figures 4.13 through 4.20. Maximum vehicle vehicle
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velocities, an obstacle height of 1.0 ft, and a cable length of 50 ft was used

in all cascs shown.

o Lunar Gravity Error vs Obstacle Height

Maximum lunar gravity error for a given obstacle height was computed
from the analog data by measuring the peak percentage force error and
applying a factor of 5.0%. Maximum lunar g error versus obstacle height
for the LSSM and MOLAB vehicles is shown in Figures 4.21 through 4.24
for both roll and pitch configurations. The following paragraphs discuss

these cases.

Lunar gravity errors are shown in Figures 4.21 and 4.22 for the roll |
case. Figure 4.21 is for the LSSM vehicle moving 8.2 ft/sec, 50 ft length
cables and the obstacle on the left wheel. Note that the lunar gravity error
of the left chassis ranges from +11.5% to -19% and for the left wheel from
+9% to -19.5% where the lunar gravity error for the right wheel (+1.5 to -2.0)
and right chassis (+3.0 to -5.0) are considerably less. Figure 4.22 gives the -
lunar gravity error of the MOLAB vehicle with a velocity of 18.25 ft/sec and
a 50 ft cable length. The lunar gravity error ranges from +8% to -50%.

The additional mass of the MOLAB results in the large negative errors. The
small plus error is understandable since the cables tend to buckle under

compression forces.

The lunar gravity error for the pitch case is shown in Figures 4.23 and
4.24. The LSSM vehicle with a velocity of 8.2 ft/sec and a cable length of
50 it gives errors of +10% to -23% which is in the same order of magnitude
as the roll condition. The MOLAB vehicle with a velocity of 18.25 ft/sec and
a cable length of 50 ft gives errors of +40% to -77%. Note that there is an
additional +13% error and an additional -27% error on the rear wheels due

to adverse conditions at the time the rear wheels hits the obstacle.

*The force control system is controlling a force of 5/6 earth g while lunar
gravity is only 1/6 g. Thus, percentage gravity error is 5 x the force error.
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o Pecak Wheel Accelerations

Pcak wheel accelerations versus obstacle height relationé are shown
in Figurc 4.25 for thc LSSM and MOLAB vehicles. Peak values for both
roll and pitch configurations are shown. All values shown disregarded points
in which discontinuities appeared from wheel bottoming. Note that the peak
wheel acceleration is lincar with obstacle height for all conditions shown,
Also, the acceleration levels for the MOLAB are almost twice the LSSM
values. This is probably due to the higher MOLAB velocity. Wheel accelera-
tions for the roll configurations and the front wheel in the pitch configuration
were found to be coincident. A plus acceleration in this figure tends to

accelerate the wheel hub away from the ground plane.

The rear wheel accelerations for the MOLAB pitch case indicated
considerably increased plus values and decreased negative values. This is
caused by the pitch dynamics resulting from the front wheel perturbation.
Peak decelerations for the maximum obstacle heights considered for each

vehicle are

Vehicle Obstacle Peak Acceleration
ht, ft ftfsec2 Earth g's

+247 +7.66

MOLAB 3.0 272 -8.45

+ 68 +2.11

LSSM 1.5 - 75 22.33

Figures 4.26 and 4.27 show the LSSM at 8.2 ft/sec with an obstacle
1.0 ft high on the lunar surface and then in the IL.GS. The force error is
shown along with the displacement difference. Therc is a phase shift due
to the LGS cable dynamics. When force error is quite large there is a
large displacement error about 0.6 seconds later. These variations return

to zero after sufficient time has lapsed.
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o Cable Length Effects

Figurc 4.28 shows the lunar gravity error as a function of cable length
for the LSSM vehicle at 8.2 ft/scc over a 1.0 foot obstacle. In general the
crror increases with cable length. The gravity error is most sensitive for
the wheels than the chassis due to their faster vertical movements. This is
illustrated in Figurc 4.28. The importance of minimizing cable length is
depicted by this graph. It is anticipated that the MOLAB type vehicle with
higher velocity capability (20 km/hr) would result in higher gravity error
with cable length variation than the LSSM. More simulation analysis in this
area is recommended. The peak error for the rear wheel was less than that

shown for the front wheel.

The maximum cable length recommended is that required to satisfy the
static error conditions discussed in Section 3 (30 ft minimum) plus the length
required for maximum change in lunar terrain elevation change (23 ft). Thus,

a maximum cable length of 53 ft is recommended.

o Limit Design Condition

A review of the analog results presented indicates severe dynamic
conditiohs for obstacle heights above one foot. Even the conditions for a
one foot obstacle appear considerably more severe than the normal driver

riding comfort limits. The peak values are compared below:

Analog Results

Riding Comfort (1.0 ft obstacle)
Limits LSSM MOLAB
Vertical Accel. +0.34 +.75
at Vehicle cg (g's) 10.37 -0.25 -.30
Pitch Accel. (rad/secz) 12.26 15.5 +6.0
Roll Accel, (rad/secz) +3.25 15.0 t2.2

From this comparison it is recommended that the dynamic data for a one

foot obstacle be representative values for LGS design purposes,.
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4.3 TROLLEY DRIVE SYSTEM
4.,3.1 Analog Simulation

The trolley drive system, described in Section 2.2, was simulated on
thic analog computer for an evaluation of the dynamic response duc to severe

test cases,  Uhe poinls of Interest weres

) Can satisfactory response be obtained with the control
system of Section 2,2 without further compensation,

C How does the cable length affect the dynamic errors
caused by the trolley drive system for both LSSM and
MOLAB types of test articles,

The dynamic cquations used for the simulation and for the Flow Chart of

Section 2 are given below:

ME+ BE - F a =0 (trolley)
B T
I e M . o _
R& +T€ +RFD TD:P = 0 {motor)
. Zq :V e q vre * *
e + ——&+ 5§ =k i-k P (valve)
v w

v

i= Kk X - &) + k:;(}'( - é) (optical scnsor)

a(S) = %‘J £(5) 2_ 6282 (Transversc Cable

(TgS + 1) §_2_ + = Tg 41 Dynamics)

: (.OT T
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Table 4.1

TROLLEY DRIVE SYSTEM PARAMETERS AS USED FOR THE SIMULATION

Cocllicionts for: MOLAB LSSM
M 68.4 slugs 68.4 slugs
D 0 0
,I."“ 5,660 1hs 1830 1hs
' 2 2
I/R 0.5 slug ft 0.5 slug ft
BM 0 0
R 0.26 ft 1 0.26 ft
T /P 3 3
oo 0.003 ft 0.003 ft
q = d4/2mR 0.0061 ft° 0.0061 £t
W, 628 sec":l 628 sec:-1
I 1\1 1.35 1.35
<optical>
KEK o \eenser 0.0046 0.0046
—;;; -7 5 '7 5
K 0.207x10" 'ft”/lbsec | 0.207x10" "ft”/lbscc
Tyt L=30¢ 0.031 sec 0.028 sec
507 0.052 sec 0.047 sec
99! 0.094 sec 0.085 secc
130 0.135 sec 0.122 sec
170! 0.177 sec 0.160 sec
0 67.0 sec™ 73.0 sec™ !
4-'1" (estimated) 0.1 0.1
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wiere
M = firollecy mass
I-‘O = nominal total cable tension
I = motor and winch moment of inertia
FD = trolley driving force
s Lot tor displ nent
G = e = poelative motor displacement
i XN P

Thc other parameters are defined in Section 2.

The numerical values for all system parameters are listed in Table 4.1,

Disturbance Inputs

In order to simulate worst cases as outlined in the contract specifications,

the following types of disturbances were seclected for all runs, (See Table 4.2.)

Table 4.2

ACCELERATION DISTURBANCES AS USED DURING DYNAMIC
TROLLEY DRIVE SYSTEM 3IMULATIONS

Type of LSV | Initial State Disturbance Final State
LssM  ix=£&=v =82 | ¥ =2 glkabav -4l
{ max sec max sec
i -l.4g
i © . ft
; = = = 4,2 ——
! X=§6=0 -0.8¢ sec
’. -0.1¢
,‘ M ft v . .ft o
4 = ¢ = = 5l = - = = -
MOLAB 3 X=8 =V oy =8B~ X 2 g|X=¢ max % Sac
! !, . -l.4g fi
? X = € = 0 -0.8g = 14 o
, -0.1¢g

Maximum velocity as initial state was considered the most severc casc
beceuse this implied that the trolley had to be decelerated from the state

of maximum kinetic energy.
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Ti
i

he duration of the decelerating disturbance was varied such that o
constant velocity reduction of 4 ft/secc was obtained, This was considered a
rcalistic procedure becausce it resulted in very short pulses for the high-g
cascs and longer pulsces for low decelerations as may be expected from

typical obstacle and terrain geometry,

During the simulations, the cable length was varied from 30 ft to 170 ft
for each type of vechicle and disturbance,
a
Two typical simulations at maximum deceleration are recorded in

igure 4,29 for the LSSM and in Figure 4,30 for the MOLAB.

i

Errors at Constant Velocity - There is a steady-state horizontal dis-

placement (X - £)gg and cable misalignment &gy due to the constant velocity
X = & =V prior to the disturbance in each case, For the 50 ft cable

max
length, the maximum steady-state displacements and misalignments were

found to be
LSSM:  Max (X - £)__ = 0,04 ft = 0.48 in,
Max a_ = 0.0008 rad = 0,046 deg

MOLAB: Max (X - §)__ = 0.085 ft = 1.02 in.

Max a . = 0.0017 rad = 0,1 deg

More meaningful data are obtained by expressing these errors in terms of

crroncous horizontal forces acting on the LSV,

As can be read from Figure 4,31 the horizontal force and corresponding

eleration error is

(4.1)

4X = = T ag

:
3 -
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Trolley

Figure 4.31 - Trolley/LSV Force Diagram

Using Equation (4.1), the maximum steady-state acceleration errors for the

two cascs of Figures 4,29 and 4.30 are

LSSM:  Max A'}és -0.0007g

S

MOLAB: Max AX_ -0.0017g

s
The corresponding values for the full range of cable lengths investigated
are plotted in Figures 4,32 and 4,33 as maximum steady-state errors.

These values seem well within the admissible range.

A 5 Hz oscillation is observed due to the disturbing deceleration, The
zssumecd hydraulic system pressure of 3000 psi is slightly exceeded during
the first peak, It is possible to increcasc system pressurc up to 4500 psi
Lsing the same hardwarc as described in Scction 2, A slight incrcusc to
2300 psi would be sulficient, however, to prevent pressure saturation in
inis worst case, Less overshoot and better damping can be obtained in the

final design by adding a compensating filter,
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Pol i drrors LJtor Disturbunce X

dwsrper crrory are eacountered during traasients causcd by decclerations
[SURETT poidko dor these crrors under various cable lengths arc plotted in
Sigure .32 Jor the LSSM and in Figure 4,33 for the MOLAB. As the
ccecteration crror dn proportional to the cuble misalirnment @, more avorable
conulls are oblidned widi bnercasing cable Length,  This trend s duce to the

omient sensing concept applicd where there are virtually no adversec
cable lengths on the sensor performance, It is felt that with
sle scnsing concept, it would be difficult, if not impossible, to obtain

-

&5 tight & control as is predicted for the displacement sensing or optical

4-47



1

AT783245

L
A

AUVISION SN

o

iR

I

SC,

Vi

N\

.

. : *2°7 UO1309G Ul Paqladsa( se
(9 - x) =o1ex zunweoerdsig pue (9 - X) uzoﬂzwumamﬂﬂ mom:om wo3sAs 2ATI(]

© Lorrorg ‘o2 5/132°8 = X ‘»iuoﬁo,\/ - JNSST XewW WoIf X suorjers[sd2( .
SWOTIEA 10] ~04.45 UOI3EL0[900Y [BJUOZIION 8yj U0 (IoUd ] a[qeD JO 309J34 - 2¢°F 2andrg

Y

LR iaed - LY 00U GONRIS[ONOY [2IHORERIOI] 3WSSTT
RN 39100° 372100" 53000° 34000° 0 .
[ | | _ |
23uey pIPULIUINDDY
: i > : 02
S P c\
\\\\\\\\\\\\\\\\ \\\\ 9’ \
\\\\ \\\ \\.\ Y , or
X a
N\\ \\
- 09
@] -
wew . 2
— (& 08 & A
I0XI0] 91818 $. 0 v
-4
w
5
00T« 3
— . 071
. 20 /\
3 - -— .
o /_. ..._
T T oF1
iy ../ ~
3 e )\,\\
- .um_u\HN g = 3 1°Q- ———~ .,_ﬂ .” — D91
poods XRUL 1LIOX) HOTIRID[OD (T I
] | | | _ .




A
FAN

C

ot U0IIS0S UL PBUIITEa( se ) - X Ojua jud Eo.ux?_me@:mAuw
JawestIdsy fF:3u2g woysdg sata( ool '005/3) G2°81 = X
£310072\ - @7 TDIN NRW wWOLf X TSUONRIO[999(] SNOTIRA 0]

TOTIiL ucjeds . rC 0y [RIUOZIIOL[ Oy} U0 yjsud oa1qed Jo 193JH - ¢¢'b 2.an81 g

I BN I B IO.LI5] UOTIRID[IIDY [2IU0Z2TI0H dVTIONW

EREAANE 5 =200° 1 1200° 397100° 37100° $8000° 3 1-000° 0

[
FPS AU

1

nisc/

AU L Lo

i

odury ﬁoﬁ_ 1DWWioddY

JPU B |

\\\\\\ , \\.\\Aw:\.\.\.\,\,\.\\\ 3\\\\\\\\\ \
\\\\\ \s\ \\\\\\ » \\\ " x&w«\\x.\,\\m\\\\\_\\\\\\\\ \\ \\
\ \\\\\\\\\\\\. .\\\\,.\\\w,\\\\\\\\ \\

.\\\ \

et e -_}l e ”.”,»ﬂ:lfl‘.nvﬂﬁ.w‘n.ni- !\»i. I ) “: N x../ N R N 09
IO 3 {pealg xmw.él\\ /.//.......//,.H
Sy 08
e : : 00T
RO I.\
021
390 ———
U JUSN U PSSR SVPTRRIEEVES PSSO S DM R RS2 s 4 Cﬂ. M
o ST R —
— qu,\ w.m N .Mq...\ . OOM
S T WRU WOL) unyran(naa(]
N D ERU AU N MU NN MU I FUNU | 031

-49

{37) y3BuwoT °1qD




LMSC/HIEC AT83245

Scciion 5

2-1D LGS DIESICGN AND COMPONENT SPLECITFICATIONS
Dol L.CS SYSTREM DRECRIPTION - 2-D CONFIGURATION

Slsure 5.1 illustrates the basic design concept for the two-dimensional
_GS system configuration. This sysiem would consist of the following sub-
biics: the lunar surface vehicle chassis and wheel interfaces, suspension
cables and winches, vehicle suspension platform (main vehicle and trailer), the
N o e e R T e - Lo Aoy A - J (w1 T 241 .o
suspension piatiorm support trolley and drive mechanism, the overhcad rail

supnort structurc, and the suspension system control and checkout consolc.

5.1.1 Vchicle Chassis and Wheel Interiace

ssis support frame would be constructed of a simple
lichtweisht tubular truss frame, with the lower end attached to hard points
on thc chassis primary structure. The upper end would terminate with an
mni-ball joint, located on the vehicle pitch axis and permitting complete
suspoension cable Irecedom through a 35° cone (static condition). The same
tyse ol structure would be located at the CG of the vchicle trailer (Boeing
configuration only). The force sensing of the vehicle would be accomplished
Ly placing a load cell between the omni-ball joint and the suspension cable.
The vehicle wheel interface would consist of a support frame assembly that
would aitach %o the cuter face of the vehicle wheel hub. The assembly is
composcd of o mounting {lange that would act as the interface for a bearing

N

iocuted ia & nousing, connected to a tubular irame yoke. The yoke ends
would sunzort ball ead joints that would be located at the wheel suspension
system roll wxis (through CG). Two cables weould attach to the joints and
cther above the CG. This arrangerment would also allow
for a 55° cone of cable frecdom. The force scnsing would be provided by

instrumcnting the yoke with strain gages, therceby mceasuring frame deflection.

5-1
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5.1.2  Suspcension Cable and Winch Subassembly

22N

The 1/6 ¢ condilion of the LSV will be maintainced by supporting 5/6 of

At ol the vehicle chassis and wheels by the use of constant force

T
>

the wed
suspension cables, attached to the interface and that are reeved by hydraulic
powcerced, scrvo actuated drum winches, mounted on the suspension platform.
“Lhe leagth of the cables will be about 60 [eet. The cables will have an clectrical

conductor cove for signul transmission,
5.1.3  Vehicle Suspension Platform
The vehicle suspension platform consists of a main vehicle support

structure and a trailer support structure that are mounted on the bottom of

ne main structure. The trailer structure is mounted to a bearing on the main

ot

structure. The bearing will be locked out for the 2-D mode, but used to pivot
the trailer in the 3-D configuration. The support structures are composed of
lightweight welded aluminum channels and I-beams. The outer sections of the
main platform and the trailer support will have an aluminum Honeycomb panel
covering on the bottom, with winch and cable pulley mounting holes on a grid
patiern, with three-inch centers. This will facilitate almost any mounting

location. A suspension platform weight summary is shown in Table 5.1.

5.1.4 Support Trolley and Drive Mechanism

The suspension platform will be attached to a rail support structure by
four trolley assembles, one at each corner of the main load carrying structure.
The platform will be driven fore and aft by two servo actuated, hydraulic motor
driven capstans. A cable will run the full length of each of the rail support
structures, and will be looped around each capstan. Each end of the cables

will be anchored with an adjustable tensioning element.

5-3
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Table 5.1

VEHICLE SUSPENSION PLATFORM
WEIGHT SUMMARY

Component

_\’(:hi:-h: Plaiform Weight, 1b
Structure 921
Honeycomb panels 222
Wheel winches and pulleys (4 sets) 128
Chassis winches and pulleys (3 sets) 285
Trolley assembly (4 sets) 220
Captan and motor (2 sets) 120
Hydraulic power supply and .

electric drive motor 520
Sub-Total 2416

Trailer Platform

Structure 128
Wheel winches and pulleys (2 sets) 64
Honeycomb panels 54

Total 2642
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5.1.5 Rail Support Structure

The rail support structure will consist of two steel I-beams, approximately
250 fcct in length., The rail may house linear commutators that will contact
clectrical wipers on the suspension platform, to transmit force control
scnsing, servo amplifier, and other types of signals between the force
scnsors at the vehicle and the control/checkout console and servo valves
on the cable winches. This system appears sound, but further study should
be undertaken to assure good signal transmission. The rail support structure
will need overhead support at about 25 feet intervals and be capable of support-
ing a 12,000 1b rolling load and the load from the crane rail (two rails at 80
1b/ft),

5.1.6 Suspension System Control and Checkout Console

The suspension system control and checkout console will consist of a
modified component rack cabinet with the representative vehicle schematic
on an inclined panel. Each wheel and chassis attachment point will be shown
with a digital voltmeter and adjusting potentiometer located adjacent. A check-
out panel would also be included with a functional array of illuminated push
button switches, that would check a system and readout to a common digital
voltmeter. The console may be used to calibrate the system by the following

procedure:

© Adjust wheel suspension control potentiometers until the
proper weight is reached (the wheel suspension weight would
have already been established).

© Adjust vehicle chassis control potentiometer until the vehicle
is lifted off the ground. (Align CG if vehicle does not rise in

a level fashion.)

o Calculate 5/6 of vehicle chassis and wheel suspension system
weight and adjust potentiometers to read this weight.

5-5
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The console would contain up to 40 servo amplifiers for the force
control system and trolley drive system. Additionally, appropriate power
supplies will be required for the servo amplifiers and other electrical ele-
ments. In all probability, tempcrature conditioning of the console will be

required for the critical electronic elements.

5-6
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5.2 STRUCTURAL ANALYSIS OF THE LGS SUSPENSION PLATFORM

A structural analysis of the main platform was performed by the
Structural Analysis group using the Lockheed FRAME computer program,
The platform structure was designed using aluminum beam and channel
scctions, All members are welded at the joints, resuléing in an indeter-

minatc structure, Beam sizes were selected by a preliminary analysis,

The math model used for analysis was composed of 45 members and
31 joints as shown in Figure 5.2, The pivot point (Joint 31) was selected
as the origin of the coordinate system and the 2-3 axes form a plane of

symmetry,

The applied load conditions were the 10,000 pound scaled-up versions
of the Boeing MOLAB and the Bendix MOLAB vehicles plus the platform

structural and component weights and forces,

The computer output gives the deformation at each joint and the
resultant forces and moments for each loading configuration in three
orthogonal planes, In addition, stiffness and flexability matrices of the

structure is included in the results,

The input structural member sizes and weights are tabulated in
Table 5.2, The recommended changes in structural member sizes listed
in the comments are based on the vertical joint deflections listed in Table
5.3. Stresses and deflections in the ,other planes were negligible, Additional
computer runs should be made to assure that the complete structure is
adequate and attempt substitution of lighter members to minimize the
structural weight, Also, a frequency analysis is needed to determine the
platform's natural frequency at key support points, These tasks should be

the initial steps for the detail design of the suspension platform structure,

5-7
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Table 5.2
MAIN SUPPORT PLATFORM STRUCTURE
Member Connects Member Size, Length Comments
No. Joints Type, wt/ft (in)
1 1 3 4 in channel 1.85 | 35,00
2 4 2 35.00
3 7 1 70.00 |Incrcasc to 6 in channcl 2.83
4 2 8 70.00
5 3 9 70.00
6 4 10 v 70.00 v
7 5 6 12inI-Beam 10.99| 14.00 | Decrease to 12 in channel 7.41
8 5 7 38.00
9 6 8 v 38.00 v
10 7 9 6 in channel 2.83 | 35.00 |Increase to 12 in channel 2.83
11 10 8 35.00 '
12 5 11 12 in channel 7.41| 10.98 l
13 6 12 10.98
14 11 29 19.87
15 12 30 19.87
16 11 12 ' 20.40
17 29 30 6 in channel 2.83 | 32.00
18 29 13 12 in channel 7.41} 37.12
19 30 14 {, 37.12
20 7 15 12inI-Beam 10.99| 65.00
21 8 16 65.00
22 9 19 6 in channel 2.83 | 65.00
23 10 20 65.00
24 13 14 53.70
25 13 15 12in I-Beam 10.99f 18.15
26 14 16 18.15
27 15 17 15.00
28 16 18 15.00
29 417 19 20.00
30 18 20 Y 20.00

5-8




Table 5, 2(Continued)
MAIN SUPPORT PLATFORM STRUCTURE

LMSC/HREC A783245

Member Connccts Member Size, Length Comments
No. Joints Type, wt/ft (in)
31 13 21 12 in channel 7.41| 61,73
32 22 14 & 61.73
39 15 21 12inl-Beam 10.99( 59,00
34 16 22 l 59.00
35 19 23 6 in channel 2.83 | 59.00
35 24 20 59.00
37 21 22 90.00
38 23 21 35.00 |Increase to 12 in channel 7.41
39 22 24 Y 35.00 ‘Iy
40 25 21 4 in channel 1.85 | 61.00 {Increase to 6 in channel 2.83
a1 22 26 61.00
42 23 27 61.00
43 28 24 61.00
44 27 25 35,00
45 26 28 v 35.00

5-9
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VERTICAL DISPLACEMENT OF JOINTS

Joint Vertical Displacement Recommendations and Comments
No. Docing MOLAB | Bendix MOLAB

1 .100  (.029) 917 (.268) Increcasc Member 3 to 6 in channcl

2 .102  (.029) .920 (.269) Increase Member 4 to 6 in channel

3 146 (.043) 1.361 (.398) Incrcase Member 5 to 6 in channel

4 148 (.043) 1.363  (.398) Incrcasc Mcember 6 to 6 in channcl

5 .037 (.061) -.012 (-.019) Reduce Members 7,8 to 12 in channel

6 .037 (.061) -.012 (-.019) Reduce Members 7,9 to 12 in channel

7 0 0 _—

8 0 0 —

9 .077 (.008) .393 (.039) Increase Member 10 to 12 in channel
10 .078 (.008) .393  (.039) Increase Member 11 to 12 in channel
11 -.144 -.089 -_—

12 -.144 -.089 —_—

13 -.135 -.275 —

14 -.137 -.275 —_

15 -.013 .088 —

16 -.014 .086 —

17 .088 .398 (.250) Due to the Redistribution of the

18 .088 397 (.250) Loads, the Deflections of these

19 223 .807 (.290) Joints should be Reduced to

20 224 .807 (.290) Acceptable Limits

21 0 0 —_

22 0 0 —

23 391  (.039) .840 (.084) Increase Member 38 to 12 in channel
24 391 (.039) .841 (.084) Increase Member 39 to 12 in channcl
25 761 (.222) .014 (.004) Increase Member 40 to 6 in channcl
26 721 (.211) .015 (.004) Increase Member 41 to 6 in channcl
27 1.116 (.326) 977 (.286) Increcase Member 42 to 6 in channcl
28 1.084 (.317) .981 (.287) Increase Member 43 to 6 in channcl
29 -.277 -.215 —_—

30 -.277 -.215 —

31 -.076 -.060 —_

NOTE: The deflections in parenthesis are the estimated deflections

after the recommended changes in structural members.
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5.3 WHEEL SUPPORT SYSTEM

In the First Interim Report, Reference 1, it was recommended that the
wheel suspension systems should be given further study. The chart in Figure
5.3 comparcs threc potential wheel support methods. The curved beam support
has the prime drawback of interference under design roll and pitch conditions.
Phe axial hub support is adequate on all respects, except it will have a large
offset moment. The frame support system was selected for a more detailed

study because it minimized the objectionable features of both the other systems.

Figure 5.4 illustrates the proposed wheel frame support configuration.
A tubular frame is attached to the bearing housing and the ends are curved such
that the line of action passes through the wheel's center of gravity, Strain gauges
are mounted as close to the center of the bearing housing as possible, This is
to minimize the error caused by the suspension system's inertia during verti-
cal accelerations, This is discussed in detail in Section 5.3.2. Other features
include a bearing in the mounting flange and universal joints at the cable attach-

ment points, providing the necessary freedom in wheel pitch and roll motions.

5.3.1 Frame Support Analysis

The frame support concept was analyzed for a natural frequency of 40
cps for 4 configurations: Bendix LSSM, Boeing LSSM, Bendix MOLAB, Boeing
MOLAB. The respective wheel weights used were 80, 60, 212, and 160 lbs.

The equation for natural frequency is from Reference 3. The natural

frequcncies of beams in flexure are:

f = C r/sz 104me
n n
th
fn = n  natural frequency, cps
Cn = frequency constant - as listed in table according to

support method and mode

5-12
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r = radius of gyration of cross-section = \I/A inches
L = beam length inches
Km = material constant (Table 6.10) = 1.00 for steel, (.985

for aluminum)

The support frame is free to rotate about the axle pitch axis. The
type of fixity used is that of a cantilever beam for each end of the support
with n = 1, therefore, Cn =11.30.

The frequency equation was transposed so that radius of gyration,

r = f LZ/C x104xK
n n m

Tubular cross-sections were chosen on the basis of the radius of

gyration calculation.

Stresses were checked by the formulae from Reference 4 , which

defines
2 2
= Z
n(max) = 1/2Z (M +VM + M)
where;
S = maximum normal stress
n(max)
Z = section modulus (I/c)
M = bending moment
Mt = torsional moment

Also, from Reference 4 ;

1/22 NM® + M2

ss(max)

where

S maximum shear stress
s(max)
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The rcsults of these analyses are plotted as Support Frame Weight vs
Wheel Diameter for the 4 lunar vehicles (Figure 5.5). The comparison
between steel and aluminum is shown. Aluminum fabrication is more desir-
able for minimizing weight cspecially for larger wheel sizes, and for mini-

mizing crror duc to wheel accelerations.
5.3.2 Dynamic Error from Frame Support Mass

The error introduced by vertical wheel acceleration due to the additional

inertia of the suspension sustem must be analyzed:

At nominal state:

A F_= 5/6 M1g+Am1g
Cable

N

m, +Am1

During Transients

Ideal cable force F = FO +Arn1 Z

Now, applying this to the LSSM vehicle as an example:

wy o= 80 lbs
5/6m g = 671lbs . F_ = 67+8=751Ibs
Aml g = 8lbs
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Using the 2 g acceleration (design limit)

Fideal Fo + 2(8) = 83 lbs

or

. 1.24 F
ldea’l(peak) o

This mecans that during the peak of the wheel hub acceleration, the cable should
ideally support 1,24 times its nominal load in order to compensate for the sus-

pension system weight,

Therefore, although the suspension system weights only 10 percent
of the wheel weight, it introduces a 24 percent error in cable force (or 120
percent lunar g error). This emphasizes the need to minimize the suspension
system weight. Additional studies must be made to utilize higher strength-to-
weight materials such as magnesium, fiber glass wound beams and other light

construction mediums.

It should be pointed out that for the LSSM vehicle, a 2 g vertical
acceleration is equivalent to a 1 foot obstacle,as shown in Figure 4.1, in
Section 4.2. By limiting the obstacle height to 1/2 foot, this decreases by

half the error in cable force.

The dynamic error from the frame support mass may be minimized
by mounting the force sensing strain gauges on the tabular frame as near as

possible to the wheel's center. Typical strain gage locations are shown in

Figure 5.4.
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5.4 WINCH AND MOTOR SYSTEMS

Winch and motor systems were designed to provide the constant force
for supporting the LSV chassis and wheel assemblies. A cable winch drive
assembly provides the necessary cable storage for a wide range of LSV
vertical displacement (7 meters or approximately 21 ft). The winch drum is
driven by a hydraulic motor which provides the torque necessary for a constant
force in the cable., The following paragraphs describe the winch and motor system

design parameters and preliminary system specifications,

In general, the winch and motor systems for the wheel and chassis
suspension devices were designed to minimize the control requirements by
emphasizing low inertia systems, This criterion was particularly significant
because of the transient characteristics of the LSV support points and the
desire to minimize force error at these points. The low inertia criteria
essentially dictated a low-drive ratio between the motor and the winch drum,
because the effective inertia of the motor rotating parts varied as the square
of the drive ratio. Thus, a direct drive or 1:1 drive ratio was highly desirable,

Preliminary specifications for the chassis‘ and wheel winch systems are
outlined in Table 5.4, The cable nominal force range and the torque range are
based on an LSV gross-weight range of 1,000 - 10,000 1b (450-4500 Kg). Wheel
and chassis weights were proportioned approximately in accordance with the
LSSM and MOLAB vehicles,

5.4.1 Winch Design

The winch designs for the chassis and wheel systems were patterned
aiter conventional light-weight aircraft winch systems. The configurations
are shown in Figures 5,6 and 5.7. The winch drums are designed to store a
minimum of 25 ft (7,62 m) of cable in order to compensate for the LSV vertical
translation, The drum pitch diameter was established at 6.0 in. (15.5 cm) or

20 times the maximum cable diameter of the chassis suspension cables (s/16"), .
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Wheel suspension winch drums were made the same pitch diameter as the
chassis drums. The winch drums in both cases are a split shell design
(Figures 5.6 and 5.7) to accomodate a wide range of cable diameters required
to suspend the 1000 1b (454 Kg) to 10,000 1b (4536 Kg) LSV weight range,
Grooves in the drum shell and a cable device maintain the cable at a constant

pitch radius for the full length of cable travel (or drum angular displacement),
5.4.2 Winch Motor Selection

The characteristics desired for the winch drive motors were:

° ability to maintain constant torque, when controlled by
appropriate servo valves, over a wide range of motor
speeds,

° operate in stalled condition (zero motor speed) over
prolonged periods of time without damage,

e must be fully reversible and still maintain constant
torque, ~

° low inertia of moving parts,

] high torque to weight ratio, and

Q instantaneous response,

The type of motor found to be best suited for this application was the
fixed-displacement piston type commonly used in the aerospace industry,
Typical of this motor type are the Vickers, Inc., motors described in Figures
5.8 and 5.9::.: The motor characteristics outlined were well within the torque
and speed requirements of the chassis and wheel winch systems,

The hydraulic d‘rive motor for the wheel winch was chosen on the basis
of 2 1:1 drive ratio and the maximum torque corresponding to the heaviest
LSV wheel, The MF-3918-25 motor in Figure 5,9 was selected to accomodate
the maximum nominal torque of 900 in.~lb, The corresponding motor weight
of 22,1 1b was found acceptable, although it was recognized that this may be

worthy of further investigation should motor weight become critical,

* Similar motors are available from other vendors.
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Sclection of the chassis winch motor was based upon a compromise of
cffective inertia of rotating parts and the hydraulic motor weight, The design
torque of 11,000 in,-1b at the winch drum corresponds to the maximum chassis
weight for a 10,000 1b (4500 Kg) LSV. Two of the MF-3921-30 motors driving
cach chassis winch were found to be the best choice. A higher torque winch would
have reduced the motor rotating inertia, but the corresponding motor weight

penalty was disproportionate for consideration,
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Figure

GENERAL DESCRIPTION

Vickers 3000 psi fixed displacement hydraulic
piston-type motors are used in oil hydraulic circuits
to convert hydraulic pressure to rotary mechanical
motion. Full torque is instantaneously available.
Rotation direction is determined by oil flow path
through the motor. Speed control and rotation
reversals are very simply and easily accomplished.
Hydraulic motors can be used for dynamic braking,
as stalling due to overload will not. damage them.
Operation can be continuous, intermittent, con-
tinuously reversing or stalled without damage lo
the motor when protected by proper system over-
load relief valve seliings.

ACCELERATION

With zero external load, the acceleration for the
MEF-3906 motor at 3000 psi is 3.4 x 10° (radians/
seet at 4500 psio it is 5.1 x 105 The MF-3921
aceeleration at 3000 psi is .43 x 10% (radians/sec?);
al 4500 psi it is .64 x 105 These are theoretical
maximums.

TIME CONSTANT
The time required to accelerate hydraulic motors

from standstill to maximum intermittent speed with

5-25

axially minimize inertia

forces on rotating parts

5.8

no external load, using the torque available at 4500
psi, varies between .0028 sec for the 3906 size and
.0065 sec for the 3921 size.

MINIMUM REVOLUTIONS TO STOP

Minimum number of revolutions to stop from maxi-
mum continuous speed is between .116 and .173 for
all motor sizes. This is the angular distance the hy-
draulic motor will rotate before the back torque
(assumed produced by 4500 psiy overcomes the
kinetic energy of the rotating group. No load on the
output shaft is assumed.

MOUNTING POSITION

There is no restriction in mounting position except.
that the drain line must be connected to the reser-
voir so the motor case remains filled with hydraulic
fluid during all operations. Internal motor parts
depend on this fluid for lubrication. Also, at instal-
lation, motor housing must be completely filled with
hydraulic fluid.

HYDRAULIC FLUID

Use mineral oil conforming to military specifici-
tions for aircraft hydraulic systems.



Vichers dined displacement motors converl o con-
tnnuous How of hvdeaulic ol under pressure to
rotary anechanieal motion, Cylinder block is offset
rebiiive 1o the dreive shadt causing the pistons to
traverse thenr respective eviinder hores, As a piston
moves away from the valve plate ander pressuve,
the opposite bottomed  piston moves toward  the
valve plie exhausting spent hydraualic oil. "The nine
pistons perform the sime operation in succession so
that the aceeptance of hvdraulie oil under pressure
is continuous and the conversion to rotary motion
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Proper hydrostatic balanee between eyvlinder bloek
and valve plate provides necessary hold-down foree
for the block. Valving leakage is held Lo a minimum
without producing excessive bearing pressure.

Axial eylinder arrangement minimizes inertia forces

~ { 1. . . . . .
I smoath on rotating parts and eliminates the need for large
s . . . . . . e e TN il e fYe
Foae housing s adways full of oil, and during opera- bearings, permitting high rotative speeds. This fei-
tion, nominal feakage past the pistons and valving ture, together with- others brieflv summarized in
surfaces of the evliinder block maintains lubricating this bulletin, results in Vickers piston type hyvdraulic
oil tlow through the housing. This flow returns o motors having the highest efficiency (both volu-
the reservoir through the case drain line. metric and overall) in the industry.
Figure 5.9
. . Theoretical Maximum
; Theoretical Thefolr?lm Th]!_z::e‘t::al Maximum . Recommended Speeds at A
Series Model [0 0c" v 4 Intermittent | Weight 3000 psi
Displacement at at Power (ib) T
Number (cuin./rev) | 1500rpm | 3000psi | .4 200 psi 8 l
(gpm) (in.-ib) -
() Continuous | Intermittent*
(rpm) (rpm) A 8
MF-3906-15 0.049 0318 235 49
MF-3906-20 0.055 0422 3Ll 66 an
MF-3906-25 0.080 0,519 38.4 8.1 21 10,000 13,300 2% Sa. e
NF-3506-30 0.095 0617 454 96 :
MF-3507-15 0.097 0632 464 78
MF-3507.20 0.128 0.835 614 103 . o
MF 3907.25 0.159 1.032 758 123 41 8000 10,600 4% Sq. 0%
MF 3907-30 0.188 1221 89.7 15.1
MF-3909-15 0.1% 1.234 90.7 12.2
MF-3509-20 0.251 1630 119.9 16.2 5
MF-3309-25 030 2013 148.1 200 49 6400 8500 4% Sa. A
MF-3509-30 0.367 2.383 1752 236
MF.3911-15 0310 2013 1478 169
MF-3911-20 0.409 265 195.4 223 , .
MF-3911-25 0.507 3.292 2414 277 68 $400 7200 4% Sq. St
MF 391130 0598 3.883 2856 326
MF-3913.15 0.492 3195 2348 Bl
MF-3913-20 0.650 4221 3102 305 . . "
MF-3913.25 0,503 5214 1834 377 100 4700 6200 4% Sa. 6%
MF-3913-30 0.950 6.169 1536 446
MF 391515 0786 5.104 3753 316
MF 391520 1039 6.747 496.0 417~ ',
MF.3915.25 1.284 8.338 612.9 51.6 16.5 4000 5300 6 Dea. 8%
MF-3915-30 1519 9.864 725.1 61.0
MF-3918-15 1.216 7.89 580.6 124
MF-3918-20 1607 10.435 761.2 56.0 813
. MF.3918.25 1986 12,89 948.0 69.2 21 3500 4600 5o e
MF-3918-30 2349 15.253 1220 819 - .
r-—waw;-xs 1900 12.338 907.2 576
| MF.3921.20 2511 16.305 1198.8 76.1 Vi Dua. 00y
L mE392125 3103 20 149 14813 9.0 326 3000 4000 6% Dua v
[ MF3921-30 3611 23838 17525 n3
-
14F.3524.15 3040 19.730 1452.2 78.3
MF-3324-20 4017 26,070 1918.1 1035 , L,
MF.3924-25 4954 32216 23701 1229 “s 2500 3400 9% 0. '
MF-3524-30 5873 38.116 28041 1513
*For higher speed requirements, consult Vickers Appligation Engineer. Also, see speed range charl on next page.
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5.5 TROLLEY DRIVE SYSTEM REQUIREMENTS

The power requirements for the platform drive system is derived
from the design guideline which requires the vehicle to be able to travel at
a forward speed of 20 kilometers per hour and provide enough reserve power

for a 2 g acceleration, Applying this requirement to the simulator platform;

HP = FV/550

where
F = Trolley platform weight x acceleration
and
V = forward speed, ft/sec
V = 18.25 ft/sec
The nominal weight of the platform is 2500 lbs, thus,
HP = 2500(2)(18.25) _ 166 hp, peak
550
The nominal horsepower requirement is power required under a 0.1g
acceleration: .

2500 (.1)(18.25)

HP om) = 550

= 8.3 hp
It is noted that there is a 20 to 1 ratio of peak to nominal horsepower.

The drive system torque requirements are based on other considera-
tions of the system. In order to limit the maximum tension in the suspension
cables, a large diameter cable is preferable. However, to keep the bending
stresses in the cable low, a large diameter capstan would be required. This
in turn causes a large inertial force and reduces the capability of the system

to react to sudden changes. Since the largest cable force is

F = 1/2 mg, = 1/2 (2500/g) 2 g = 2500 1bs,
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(assuming two capstan drives for symmetry) a 5/16 inch diameter cable would
provide an adequate margin of safety after pretensioning. The diameter of the
capstan was taken as 20 times the cable diameter, or 6.25 inches, in order to

minimizc cable bending stresses.

This combination gives a required capstan torque,

TC = Fr=2500x3.125 = 7820 in-1b.

Two Vickers fixed displacement motors, Series Model Number
MF-3924-20 (see Figure 5.9) provides adequate power and torque for our
application. This motor has the capability of producing 151 hp at a continuous
speed of 2500 rpm, using an input pressure of 3000 psi. By using a speed
reducer or belt drive, the speed required by the capstan (669 rpm) can be
achieved. The drive ratio would be 2.78:1 and the corresponding maximum

input motor speed would be 1860 rpm.
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5.6 HYDRAULIC POWER SUPPLY REQUIREMENTS

Hydraulic motors were chosen to provide power for the chassis
winches, wheel winches and the trolley drive motors. The motors which
scem most suitable for this application were a series of Vickers fixed
displacement piston type hydraulic motors designed to operate at 3000 psi.
The chiel advantages of these motors are the high acceleration and decelera-

tion rates that arc available.

In order to supply the required power, the hydraulic power of each

system was estimated as described below.

Chassis Motors

Three pairs of Vickers MF-3921-30 motors were chosen for this
application. The required flow is q, = QRC, where 77 is the number of motors
required, Q is the flow in cubic inches per motor revolution and R is the
motor to winch drive ratio, or q = 6(3.671)(3.14)/1728 = 40.05 x 10-'3 cu ft/
winch revolution. The flow rate, .

.9 Zc
Qc =99 = _Z—ﬁ—R_.: ’

where ZC is cable velocity in feet per second and Rc is the winch pitch radius

in feet, or

-3 -
QC = 25.5x 10 Zc .

The steady state values of Zc for the MOLAB vehicle were obtained from
Bendix MOLAB data, (See Figure 4 of Reference 5,)

Wheel Motors

A maximum of six winch motors will be required for the six-wheeled
version of the MOLAB. A single Vickers MF-3918-25 motor will be required
for each wheel winch assembly. For each winch the flow is q = 6(1.986)(1)/1 728 =

6.9 x 10“3 ft3/winch revolution and
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6.9(1072) Z

w

Q = - 4.4x10"2 % forR
W W

w

= ,25 ft.

For steady-state cases, Z‘w and ic have the same value,

Trolley Drive System

The selection of these motors is discussed in the previous section.

Two motors were used to provide for balanced yaw moments. As before,

q = 2(5.873)(2.78)/1728 = 18.9 x 1073 £t3, and

-3.X
q. - 189010774

a - 575
2”(2 x 12)

where Xd is the vehicle's horizontal velocity component.

- 11.6x 1072 X%

d’

Power Supply Requirements

The cotal required flow rate, Q’I‘ is the sum of the above systems

Qp = Q_+0Q, +Q,
- 25.5(1073) 2 + 4.4(107°) Z + 11.6(10°
-3 . _3 .
Qp = 29.9(107%) Z +11.6(107°) X

3)}'{

From this equation, Figure 5.10 was plotted from the data in Figure 4

in Reference 5, on vertical and horizontal velocities for various terrain

slopes. The maximum flow of 78.7 gal/min occurs at a slope of -3.5 degrees;

that is, when the vehicle is traveling down a slope of 3.5 degrees.
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Since cach motor is designed to operate at 3000 psi, the supply pres-
surc must be higher. Therefore, assuming a 3500 psi supply pressure, the

motor horscpower must be

HP = —?—7% where @ is flow rate in gal/min
P is in psi
_ (3500)(78.7)
- 1715
HP = 179

Hydraulic Pump

v

Comparisons of hydraulic pumps led to the choice of two Vickers
PV3044 inline piston pumps because of their high horsepower to weight ratio,
rapid response and reasonable cost, Although the pump is only rated at
87.8 hp, while 89.5 hp is required, this pump exceeded the 5650 rpm and
3050 psi rated pressure by 25%, for over half the 750 hour test during a
recent MIL-P-19692B specification qualification. This would amount to

50.5 gpm pump flow rate which is 133 horsepower.

Finally, two electric motors are needed. Each must deliver approxi-
mately 100 horsepower at approximately 6000 rpm in order to compensate

for system efficiency.

Electric Motor

An aircraft type motor designed by Westinghouse was choscen. This
motor has an output of 100 hp at 8000 rpm and at 400 Hertz. The high fre-
quency allows the motor to be of very light weight (about 165 pounds). An
alternate motor built by TRW and is described in Reference 1 may be even
lighter. The Westinghouse motors weigh 330 pounds and will require a
recuction gear each, giving a total weight of 400 pounds for 200 hp output, or
1/2 hp per pound of motor. The ironless motors by TRW will produce about
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2 hp per pound of motor but additional development would be necessary for

thesc motors.

It must be pointed out that these power requirements were based
on stcady state conditions. Accumulators in the supply pressure lines will
provide the transient hydraulic power for the wheel, chassis and trolley

drive system dynamic requirements,
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Section 6
2-D LUNAR GRAVITY SIMULATOR COST ANALYSIS

The costs of a two-dimensional LGS are presented in Table 6.1, with a
design and fabrication schedule in Figure 6.1. A total cost of $418,500 is
cstimated for a 50-week program. A fee of $31,400 (73 %) is estimated for

a total of $449,900. This estimate is based on the following assumptions.

1. A minimum cost straight-line system was assumed as a basis
of costing. Other approaches such as an oval track system may
approach the cost of a 3-D system.

2. A suitable building will be available for the installation of the
rail support structure. A suitable building would give clear
dimensions of 250 feet long (probable minimum) by approxi-
mately 64 feet high. The costs of the rails and cross members
with installation labor is included in this estimate; however,
the costs of modification of the building to provide the neces-
sary support structure is not included,

3. Labor costs arc based on $12 per hour for project, research
and design specialists; $10 per hour for analysis, engineering
and testing; and $8 per hour for shop labor and drafting time.

4. The overall schedule is dependent on vendor's quoted long lead
time of certain procurcd items, notably the chassis and wheel
winches. Any reduction of this time can reduce the overall
schedule as much as 6 weeks.

5. Costs of modification of the LSV are not included in this estimate.

6. Analog and digital computer costs were estimated at $100 and
$450 per hour, respecctively.

Additional design efforts may eliminate some of the custom designed

items, resulting in a reduction of cost and schedule time.




Table 6.1
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COST ANALYSIS SUMMARY
TWO-DIMENSIONAL LUNAR GRAVITY SIMULATOR

Initial Design Phase 3750 Manhours 11 Weeks $ 67,900
Siress Analysis 530 Tlours
Design and Analysis 1700 Ilours
Drafting 1060 Hours
Programmer 460 Iours
Analog Computer 220 Hours
Digital Computer 12 Hours
Dectail Design Phase 5790 Manhours 13 Weeks $ 89,200
Stress Analysis 750 Hours
Design and Analysis 2540 Hours
Drafting 2220 Hours
Programmer 280 Hours
Analog Computer 280 Hours
Digital Computer 12 Hours
Hardware Fabrication Phase 7260 Manhours 26 Weeks $ 68,400
Fabrication 2950 Hours
Installation 2090 Hours
Testing and Qualification 1630 Hours
Liaison | 590 Hours
Materials Cost $193,000
Cost $418,500
Fee (75%) 31,400
Total Cost $449,900
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Section 7
CONCLUSIONS AND RECOMMENDATIONS

The results of the tasks performed during this reporting period suggest

the following conclusions and recommendations,

1, Precise control of the forces at each suspension point will
require tandem-type compensating networks in the force
control system to provide the necessary damping charac-
teristics in each of the force control loops. This compen-
sating network would consist of operational amplifiers and
exchangeable (plug-in) RC modules to adapt the filter module
to the specific vehicle being tested,

2, A trolley drive system with a displacement optical-type
sensor is the recommended concept, The alternative cable
angle sensing concept will compromise the system perform-
ance, In either case, rate sensing is required,

3. Static longitudinal errors due to large variations in LSV
pitch and roll angles may be minimized by maintaining a
suspension cable length (=~ rail height) greater than 30 f{t,

4. Further studies involving LGS analog simulation should
include a comprehensive investigation of the obstacle simu-
lation for the LSV wheel dynamics. Comparison of various
obstacle simulation methods with actual test data would be
an important part of this study.

5. Recommended design conditions are those commensurate
with the vehicle engaging a one foot simulated obstacle at
maximum vehicle velocity., The maximum dynamic lunar
gravity errors were <20% for the LLSSM and <30% for the
MOLAB. Wheel chassis suspension device errors for the
roll condition were approximately equal. For the pitch
case chassis suspension device errors were one-third
less of the wheel system errors, :

6. Peak wheel accelerations were found to vary linearly with
obstacle height. Also, the peak lunar gravity errors were
found to vary almost linearly with obstacle height in most
cases,

7-1
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Lunar gravity error for the force control system is quite
sensitive to cable length, Errors of 100% were observed
for the 1LLSSM wheels with a 170 ft cable length, Maximum
errors for the recommended 30 - 50 ft range are 8 to 20%.
LGS rail height should be minimized for reduced lunar
gravity error,

Horizontal acceleration errors due to trolley drive system
dynamics may be reduced considerably with increased cable
length (& rail height), IHowever, the reccommended cable
length of 30 - 53 ft results in 2 maximum error of only .0025
Earth g's or less,

The two-dimensional LGS system described is recommended
for further design efforts and subsequent development,
Generally, the system can be made from currently available
state-of-the-art components, ‘

Cost for design and development of the 2-D LGS, excluding
rail support structure, test terrain, building, etc., is
estimated at $449,900. The corresponding schedule encom-
passes approximately 50 weeks,
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Section 8
FUTURE WORK

Continued study efforts for the remainder of the program are outlined
below.  These tasks are in accordance with the program plan shown in
Figure l.2. Itis recommended that the corresponding schedule in Figure 1.2

be amended to deliver the final report draft and presentation on October 17,

1966.

Task Continued Study Efforts

2.0 Analyze the requirements and prepare conceptual
designs of a three-dimensional LGS system.
Analyze the problems associated with expanding
" the 2-D to a 3-D system.

3.0 Conduct an analysis of a system for suspending
the driver in a typical LSV configuration. The
LSSM vehicle is suggested as a basis for the
design analysis.

4.0 Conduct a cost and schedule analysis for the
design, manufacture, assembly and checkout
of a LGS system. This study will consider the
2-D cost analysis as a baseline and add the
necessary data for a 3-D system.

5.0 Prepare a final report draft for the LGS study.
It is recommended that this report be published
in four volumes. Volume I will describe the
overall LGS study program and Volumes II, III
and IV will be updated reports describing the
interim study phases.
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